Material
I
llicit drug abuse such as methamphetamine (METH) linked with risky sexual behavior and rapid progression of HIV-1 infection has radically changed the public health landscape at multiple levels. Recent studies have enumerated the deleterious effects of METH on various components of the immune system either by altering or suppressing the functions of distinct immune cell types (1) (2) (3) (4) (5) (6) (7) (8) (9) . However, little is known about the direct effects of METH on T lymphocytes and how it may lead to compromises in regulation of immune homeostasis.
Mitochondria are critical for maintenance of the bioenergetic status of cells (10) . Calcium, a secondary messenger of intracellular signaling, serves as the key link coupling cellular energy demand and mitochondrial energy production. In lymphocytes, mitochondrial calcium uptake is associated with an increase in mitochondrial bioenergetics (11) and formation of the immunological synapse (12) . However, a consequence of mitochondrial calcium uptake is the production of reactive oxygen species (ROS) (13) . Under physiological conditions, cellular redox balance is maintained by the equilibrium between formation and elimination of free radicals such as ROS and nitrogen species (RNS). Excessive generation of ROS/RNS or inadequate antioxidant defenses can cause damage of cellular structures and result in mitochondrial impairment (14) . Oxidative stress inhibits complex enzymes in the electron transport chain that can severely disrupt mitochondrial respiration (15) . Thus, being the predominant site of free radical production, mitochondria are common targets for the injury caused by oxidative species (10) . Oxidative stress and mitochondrial damage have been implicated in numerous pathologic conditions, and oxidative stress is an underlying cause of METH-mediated neurotoxicity (16) and dysfunction of the brain endothelium (17) .
The effects of oxidative stress on suppressed signal transduction, transcription factor activities, and decreased cytokine production in response to nonspecific and Ag-specific stimulation in T cells has been documented in several model systems (18) . The ability of ROS to impair T lymphocyte function has been documented in diverse human pathologic conditions, including cancer, rheumatoid arthritis, AIDS, and leprosy (19) (20) (21) . In this study, we evaluated the effects of METH exposure on primary human T cell ROS production and mitochondrial dysfunction. Pathophysiologically relevant concentrations of METH increased cytosolic calcium and enhanced ROS generation, which was blocked by a mitochondrial antioxidant. On addition of METH, changes in mitochondrial membrane potential, mitochondrial mass, and loss of complexes I, II, and III proteins of the electron transport chain (ETC) was observed in T cells. Furthermore, treatment of T cells with METH resulted in protein nitrosylation and impaired T cell function, including a decrease in cytokine secretion and proliferative responses.
Materials and Methods

Cells and treatment
PBLs were obtained by countercurrent centrifugal elutriation of leukopheresis packs from HIV-1, 2, and hepatitis B seronegative donors as described previously (22) . T cells (.95% anti-CD3 + cells) were isolated from PBL or PBMCs by using a pan-T cell isolation kit according to the manufacturer's protocol (Miltenyi Biotec, Auburn, CA) and separated using an auto-MACS separator. For some experiments, pan-T cells were directly obtained from the Human Immunology Core facility of the University of Pennsylvania. Cell concentration was adjusted to 1 3 10 6 /ml in X-VIVO 20 medium (BioWhitaker, Walkersville, MD) supplemented with 1% heat inactivated normal human serum, 20 mg/ml gentamycin, 2 mM glutamine, and IL-2 (50 U/ml). T cells were exposed to various concentrations of L-methamphetamine hydrochloride (METH, 50 or 100 mM, Sigma-Aldrich, St. Louis, MO) depending on the experiment for different time intervals. Cell viability determined by LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Molecular Probes, Eugene, OR) showed that METH (1-100 mM) had no toxic effects on T cells after 72 h of exposure (Supplemental Fig. 1 ). Concentrations of METH used in various experiments are based on our pilot experiments that demonstrated the best biological responses and are similar to those of other published studies (6, 17, (23) (24) (25) and importantly within the range (#2-600 mM) found in blood, urine, or tissue samples of METH abusers (26) (27) (28) (29) .
Reagents and Abs
All chemicals (unless otherwise specified) were purchased from SigmaAldrich (St. Lous, MO 
Calcium measurement
T lymphocytes were affixed to MatTek (Ashland, MA) cell culture dishes coated with Cell-Tak (BD Biosciences, San Jose, CA). T cells were loaded with 10 mM Fluo-4/AM (Invitrogen, Carlsbad, CA) in extracellular medium (ECM) containing 2.0% BSA for 30 min at room temperature. After 1 min of baseline recording, images were acquired every 5 s using the Carl Zeiss 510 Meta confocal microscopy system at 488 excitation. EGTA (0.5 mM) was used to remove extracellular calcium for indicated experiments. The pseudocolorings of the images were done according to the look-up table scale. For simultaneous measurements of cytosolic calcium mobilization and mitochondrial calcium uptake (30) , T cells were first loaded with 2 mM Rhod-2/AM (Invitrogen) in ECM at 37˚C for 30 min. Rhod-2 loaded cells were washed and loaded with the cytosolic calcium indicator Fluo-4/AM (10 mM) for an additional 30 min at room temperature. T cells were costimulated with anti-CD3 (10 mg)/CD28 (4 mg) and images were acquired after 1 min of baseline recording. The detailed confocal methodology has been published previously (31) .
Detection of intracellular ROS
Intracellular ROS were measured by confocal microscopy using the fluorescent probe 29, 79-dichlorodihydrofluorescein diacetate (H 2 DCFDA, Molecular Probes), which is oxidized to highly fluorescent dichlorodihydrofluorescein (DCF) by ROS. Briefly, T lymphocytes (2 3 10 6 /ml) were incubated with DCF-DA (2 mM) in serum-free X-VIVO 20 medium for 3 h at 37˚C in the dark. At the end of incubation, cells were washed and resuspended in 13 HBSS at 37˚C. ROS generation was monitored after the addition of METH (100 mM) and detected using the Carl Zeiss 510 Meta confocal microscopy system (Carl Zeiss MicroImaging, Thornwood, NY) at an excitation wavelength of 488 nm. Images were collected in five microscopic fields and fluorescence quantified for three independent experiments using National Institutes of Health ImageJ version 1.42 software (http://rsbweb.nih.gov/ij/). T lymphocytes incubated with 1 mM H 2 O 2 for 1 h during DCF staining were used as positive control. BAPTA-AM (25 mM) and MnTBAP (50 mM) were loaded 30 min prior to METH challenge.
Concurrent measurement of cytosolic calcium and mitochondrial-derived ROS production
To visualize mitochondrial-derived ROS (mROS) production, peripheral T cells were loaded with the mitochondrial superoxide sensitive fluorophore, MitoSOX Red (Invitrogen; 10 mM) in ECM containing 2% BSA at 37˚C for 20 min. Cells were then incubated with Fluo-4/AM for an additional 20 min at room temperature. At the end of incubation, cells were washed, resuspended in ECM containing 0.25% BSA, and imaged every 5 s at 488 nm and 568 nm for Fluo-4 and MitoSOX Red, respectively. Anti-CD3/CD28 was added after 1 min of baseline recording. Tracings are obtained similarly to those for Fluo-4 and Rhod-2 (30).
Mitochondrial imaging
The changes in mitochondrial membrane potential (Dc m ) were visualized by staining the cells with MitoTracker Red CMXRos (MTR) (Invitrogen). Cells (1 3 10 6 ) were incubated with 1 mM MTR to a final concentration of 50 nM in the dark for 30 min at 37˚C. The suspension cells were then briefly rinsed with the medium and incubated with all the reagents (METH and valinomycin). The cells were immobilized to Cell-Tak-coated cover slips before analysis by fluorescence microscopy.
Live cell images were obtained under the same acquisition parameters under a 320 objective for both MitoTracker Red and Hoechst 33342 using a live cell imaging system from Carl Zeiss Microimaging. The live cell imaging system consists of a fully motorized Axio Observer Z1 fluorescent microscope fitted with an AxioCamHR camera and incubator chamber with CO 2 and temperature regulation. After the experimental treatment was initiated, time-lapse image sequences from three different regions in the well were taken at 30 min intervals for 24 h. The average change in intensity over time from the combined images (100-300 cells) was calculated and normalized by setting the initial intensities at t = 0-100%. The results are shown as the average percent intensity 6 SEM. The images were analyzed with AxioVision version 4.7 software (Carl Zeiss Microimaging) and with National Institutes of Health ImageJ version 1.42 software (http://rsbweb.nih.gov/ij/).
Flow cytometery
Membrane potential (Dc) was measured by using APO LOGIX JC-1 Assay Kit (Invitrogen). In brief, cells were adjusted to density of 13 10 6 cells/ml and suspended in 0.5 ml of diluted JC-1 reagent according to the manufacturer's instructions. The cells were incubated for 10 min at 37˚C in a 5% CO 2 incubator for 15 min in the dark before immediately analyzing them by flow cytometry. Mitochondrial mass (MM) was assessed by using the fluorescent dye, MitoTracker Green FM (MTG; Molecular Probes). Cells were incubated in 0.5 ml PBS containing 100 nM MTG. After incubation for 10 min at 25˚C in the dark, samples were immediately transferred to a tube on ice for flow cytometric analysis by LSR II (Becton Dickinson, San Jose, CA). Analysis was carried out using FACS DiVa software (Becton Dickinson).
T cell proliferation and ELISA Naive T cells with or without METH exposure were stimulated with anti-CD3/CD28. T cells were labeled with 0.5 mM CFSE (BD Pharmingen, San Diego, CA) for 6 min. CFSE intensity was measured by flow cytometry and the proliferative index was calculated with ModFit LT version 2.0 (Verity Software House, Topsham, ME). The proliferation index is a ratio of the sum of the cells in all generations to the computed number of parent cells. Values represent the mean of triplicate determinations in three independent experiments performed with two different cell donors. The IL-2 levels were measured in supernatants after 24 h by ELISA (R&D, Minneapolis, MN) according to the manufacturer's instructions.
Mitochondrial preparations and Western blot analysis
Intact mitochondria from T cells were isolated using a Mitochondria Isolation Kit (MitoScience) according to the manufacturer's instructions. Cells were lysed with CellLytic-M (Sigma-Aldrich) for preparation of whole cell lysate. Protein concentration was measured by BCA assay (Pierce, Rockford, IL). SDS-PAGE and Western blot analysis was performed as previously described (22) .
thereby triggering neurotoxicity and cell death (32) . METH appears to increase intracellular calcium levels (33, 34) and stimulate ROS generation in both endothelial cells (17) and neurons (35) . To date, such effects of METH have not been investigated in T cells. To evaluate whether METH induces a rise in calcium levels in naive T cells, METH at 100 mM was added to T cells and intracellular calcium levels was monitored continuously. We found that METH (100 mM) caused a gradual rise in cytosolic calcium in T lymphocytes as detected by the calcium indicator dye, Fluo-4 ( Fig. 1A, 1B ). Because calcium rise occurred gradually, we hypothesized that this elevation in cytosolic calcium originated from the extracellular milieu. Notably, removal of extracellular calcium using the cell-impermeable chelating agent EGTA (0.5 mM) dramatically reduced METH-induced cytosolic calcium levels in T cells (Fig. 1A, 1B) , implicating the increase in calcium was either due to activation of calcium channels or an increase in membrane permeability of mitochondria.
METH-induced calcium increase triggers cellular ROS production
A common target of cytosolic calcium is the mitochondria, resulting in increased cellular bioenergetics and energy production, a by-product of which is the generation of ROS by the mitochondrial respiratory chain (13) . T cells exposed to METH (100 mM) elicited a gradual increase in cellular ROS production as detected by the H 2 O 2 indicator dye H 2 DCF-DA ( Fig. 2A) . To assess the contribution of calcium to cellular ROS production, T cells were preincubated with the calcium chelator BAPTA-AM (25 mM). Removal of intracellular calcium attenuated METH-induced ROS generation (Fig. 2B, 2C) . Similarly, ROS production after METH exposure was decreased by incubation of T cells with the mitochondrial antioxidant MnTBAP (50 mM) (Fig. 2B, 2C) . Taken together, these data indicate that mitochondria are a major source of ROS after exposure.
Impaired calcium mobilization in T cells exposed to METH triggers mROS
Stimulation of T cells through TCRs initiates a coordinated cascade of signaling events, which ultimately initiate a synchronized program of activation, proliferation, and differentiation. Because one of the key signaling events triggered by TCR engagement is the elevation of cytoplasmic calcium concentration, we considered investigating whether METH exposure affects TCR-CD28 dependent calcium mobilization. To this end, human peripheral T cells exposed to METH (100 mM) were loaded with Fluo-4 and Rhod-2 for simultaneous measurement of cytoplasmic and mitochondrial calcium levels, respectively. Surprisingly, CD3/CD28 costimulationinduced cytosolic calcium levels in control and METH-treated T cells were not significantly different (Fig. 3A) . In contrast, compared with the control cells, METH-exposed cells showed a sustained elevation of mitochondrial calcium in response to anti-CD3/ CD28 stimulation (Fig. 3B) . These data suggest that the discordance between the levels of cytosolic and mitochondrial calcium in T cells exposed to METH is attributable to mitochondrial calcium handling capacity. Furthermore, because the foremost feature of mitochondrial functional alterations is the production of ROS (36, 37), we considered whether receptor-mediated calcium signals that are transmitted to the mitochondria might in turn lead to mROS (31, 38) to simultaneously assess the cytosolic calcium and mROS generation in response to CD3/CD28 costimulation. MitoSOX Red is nonfluorescent until oxidized by superoxide, and an increase in the fluorescence of MitoSOX Red indicates oxidation by mitochondrial superoxide. For instance, inhibition of normal cytochrome electron transport by antimycin A (Supplemental Fig. 2 ) exacerbated mROS production in T cells. A synergistic increase in mROS was noted in METH-treated T cells response to CD3/CD28 costimulation (Fig. 3D, 3E ) compared with control, whereas simultaneous cytoplasmic calcium levels measured by Fluo-4 remained unaffected (Fig. 3C ). These observations indicate that the inability of the METH-exposed T cell to maintain mitochondrial calcium homeostasis on CD3/CD28 costimulation contributes to mROS production. Taken together, the data suggest that METH exposure triggers mROS production that is facilitated by mitochondrial calcium uptake.
Effects of METH on T cell mitochondria
The Dc m represents a primary indicator of membrane stability in mitochondria (39) . Elevated mROS and altered mitochondrial calcium handling have been shown to directly facilitate mitochondrial dysfunction (40) . Because mROS is an important regulator of Dc m and maintenance of the Dc m is important for oxidative phosphorylation activity, a decrease would result in mitochondrial dysfunction, we therefore sought to assess whether membrane potential is an early indicator of METH effects on T cells. Cells were loaded with MTR, which labels mitochondria in live cells, and its decrease in intensity is indicative of a lowering in membrane potential. As shown in Fig. 4A and 4B, the mitochondrial membrane potential dropped 40% after 6 h exposure in a time-dependent manner (p , 0.05). In addition, quantitative estimation of Dc m was also performed using a different dye, JC-1. Loss in Dc m was detected as a shift in fluorescence from red to green in cells (Fig. 4C) and was documented as early as 30 min after METH treatment, indicating diminished JC-1 accumulation in the mitochondrial matrix. More-over, after 3 h exposure, the fluorescence intensity was further diminished (.60%; p , 0.05). Next, to determine whether METH could cause changes in the amount of mitochondria, we used the fluorescent mitochondrial specific dye, MTG, to monitor MM. In this assay, the dye binds to the mitochondrial membrane independent of membrane potential and staining intensity indicates MM (41) (42) (43) (44) . T cells were treated with the indicated concentrations of METH (50 mM) for 0-48 h and the mean fluorescence intensity was measured. At 24-48 h, the MTG intensity of METH-exposed cells was 1.7-fold higher as compared with control untreated cells (p , 0.05, Fig. 4D ). Based on these results, it is plausible to suggest that METH treatment at early time leads to mitochondrial injury and later results in mitochondrial swelling or an increase in the number of mitochondria (evidenced by higher MTG intensity).
METH exposure increases cellular nitrosylation in T cells
NO generated during ROS production reacts to form the strong oxidizing agent peroxynitrite. Peroxynitrite in turn can modify tyrosine residues in a process known as nitration, which has been implicated in cellular damage in several pathologic conditions. We assessed nitrosylation of protein in whole cell lysate by immunoblotting of protein extracts obtained from control and T cells exposed to METH. The nitrotyrosine level in METH-treated T cells increased significantly within 15-30 min of treatment when compared with control cells (p , 0.01, Fig. 5 ). These results suggest that METH exposure caused production of strong oxidants, which can modify protein residues (tyrosine nitration), which can lead to impaired cellular enzymes, membranes, and organelles.
Mitochondrial protein content is altered in METH-treated T cells
A compromise of cellular redox homeostasis results in oxidative stress. The imbalance may be either due to overproduction of ROS or to a deficiency in antioxidant defense mechanisms. Because primary sites for mROS production are the enzyme complexes of the ETC (45), we investigated whether levels of these mitochondrial proteins were altered after METH treatment. Immunoblot analysis of the mitochondrial fraction from T cells treated with METH revealed a notable decrease in protein levels of complexes I (subunit NDUFB8), III (core protein 2), and IV (subunit II) of the ETC (Fig. 6) . We did not detect appreciable change in the protein content of complex II (Ip subunit), complex V (a subunit), or cytochrome c. Importantly, pretreatment of T cells with three different antioxidants was able to prevent the reduction of complexes I, III, and IV proteins after METH exposure.
METH causes suppression of T cell proliferative responses and inhibits IL-2 secretion
Oxidative stress impairs several T cell functions, including decreased production of cytokines and reduced capacity of lymphocytes to respond to relevant stimuli as shown in several diseases (19) (20) (21) 46) . Because METH abuse has been shown to impair immunological functions (1, 2, 4, 47) , we sought to evaluate how METHinduced ROS could affect T cell functions (IL-2 production and T cell proliferation). As a prelude to measuring T cell function after METH treatment, we examined the proliferative response of T cells costimulated with CD3/CD8 in the presence or absence of METH. The proliferative index of cells treated with METH was significantly reduced (21%, p , 0.001) as compared with control (Fig.  7A ). T cells activated in similar fashion showed enhanced secretion of IL-2, and METH treatment resulted in 3-fold reduction of IL-2 levels (p < 0.01, Fig. 7B ). We next evaluated whether the effect of METH on IL-2 via generation of reactive species could be reversed by antioxidants. Pretreatment of T cells with antioxidants prior to METH treatment restored production of IL-2 (Fig. 7B ).
Discussion
In recent years, considerable progress has been made in delineating the immunosuppressive effects of METH, a substance that is abused by 35 million people worldwide (48) . Nevertheless, little is known about the oxidative and immunotoxic effects of METH on T cells as a potential mechanism of METH-mediated immune suppression. In the current study, we show for the first time that METH alters intracellular calcium mobilization in T cells, leading to subsequent generation of ROS, which correlates with mitochondrial damage and leads to impaired T cell function. The role of oxidative stress in the etiology of numerous human diseases has been clearly demonstrated (49) (50) (51) (52) . Experimental and clinical data point toward mitochondrial oxidative damage and dysfunction as important contributors to a number of pathologic conditions associated with METH abuse (53, 54) . However, the mechanism by which METH-induced oxidative stress contributes to cellular dysfunction is poorly understood.
The mitochondrion serves as the primary source of both intracellular ROS and ATP production, a process governed by the second messenger, calcium. Extracellular stimuli initiate cellular signaling via an increase in intracellular calcium (55) , which is readily sequestered by mitochondria. On mitochondrial entry, calcium enhances the activity of the tricarboxylic acid cycle dehydrogenases (56), rapidly elevating cellular levels of the mitochondrial complex I substrate, NADH, to stimulate energy production (57) . This rapid increase in mitochondrial respiration saturates complex I and promotes electron leakage at complex III, which reacts with molecular oxygen to form ROS (58) . Although long considered a simple byproduct of increased respiration, it is now appreciated that physiologic mROS generation serves to integrate energy production with energy demand by indicating the availability of sufficient metabolic substrates for T cell proliferation (11) . As important secondary messengers, ROS act as mediators of immunity; however, ROS overproduction can impair T cell responses (59). In the striatum by mechanisms not completely understood, METH increases cytosolic calcium levels most likely at the plasma membrane via the extracellular milieu, initiating production of ROS and cell death in brain tissue (60) . Because of the known immunotoxic effect of METH on T cells, we tested the idea that METHmediated calcium elevations lead to increased generation of ROS and reactive RNS, which in turn trigger mitochondrial oxidative damage and dysfunction. Our data indicated that METH increased cellular calcium entry that corresponded to an increase in intracellular ROS levels, and a calcium chelator in the media prevented these changes. Interestingly, we found that although cytosolic calcium levels remained significantly unaltered in METH-treated T cells in response to CD3/CD28 costimulation (Fig. 3A ), the mitochondrial calcium uptake level measured by Rhod-2 was significantly increased (Fig. 3B) . We reasoned that the observed discordance between unaltered cytosolic calcium levels and increased mitochondrial calcium uptake in T cells exposed to METH is attributable to mitochondrial calcium handling capacity, resulting in mitochondrial calcium overload that leads to mROS generation. Indeed, the basis for this observed discordance was supported by simultaneous assessment of cytoplasmic calcium levels (Fig. 3C,  3D ) and generation of mitochondrial superoxide (Fig. 3D, 3E ).
The Dc m assures major bioenergetic function of the mitochondrion; Dc m collapse as a response to extraneous environmental stimuli contributes to the loss of cellular functions (61, 62) . To investigate the effects of METH exposure on T cells, we measured Dc m using two-mitochondrial probes, MTR and a fluorescent cationic dye, JC-1 that effectively detect change in membrane potential. MTR binds covalently to thiol residues of mitochondrial proteins, depending on the electrical potential of the organelles. The lipophilic dye JC-1 in healthy cells with an intact Dc m interacts with the mitochondrial matrix and once the critical concentration is exceeded, form aggregates, which stains the mitochondria red. In conditions where there is a decrease in Dc m , the dye leaks from the mitochondria, remains in its monomeric form, and appears green. Furthermore, because the positive charge and lipophilic nature of the METH cation allows its diffusion into mitochondria where it is retained by these organelles (63) , could further facilitate the timedependent loss in Dc m in T cells after METH treatment.
Another indicator of mitochondrial impairment was a significant time-dependent increase in MM in T cells ater 24-48 h exposure to METH (Fig. 4D ). In comparison with untreated cells, MTG fluorescence was increased in T cells treated with METH. These data are consistent with recent findings of augmented MM seen in human neurobalstoma cells during METH treatment (64 The Journal of Immunologyhandling in cells exposed to METH. Such changes may be an important adaptive cellular mechanism aiming to reduce oxidative stress without a necessary alteration in respiration and energy supply (66, 67) . However, one cannot distinguish by flow cytometrybased assay whether high MM corresponds to higher numbers of mitochondria or larger organelles, both resulting in more intense staining. Further experiments using electron microscopy are needed to clarify this issue. A number of oxidative and nitrative modifications occur in proteins as a result of oxidative damage (68) (69) (70) . To date, it is to be determined whether this relationship is causative or simply correlative. Nevertheless, the studies of these protein modifications serve as important molecular biomarkers of oxidative/nitrosative damage and contribute to the establishment of a relationship between the insult and protein structural and functional changes (71, 72 ). In the current study, the increased production of nitrotyrosine reflects oxidative stress in T cells mediated by METH. Consistent with our data, oxidative damage of proteins, lipids, and DNA was reported in response to repeated METH administration (43, 73) . The rapid generation of ROS/RNS on METH exposure probably affects the antioxidant capacity of T cells, rendering them unable to keep up with radical production and initiating the oxidative modification of proteins. The ability of lymphocytes to proliferate and differentiate into effector cells in response to antigenic stimuli is essential for generation of a robust adaptive immune response (74) . Therefore, T cell proliferation in response to a stimulus is an appropriate indicator for cellular immunity. We demonstrate in this study that exposure of T cells to METH results in the loss of T cell proliferative activity. Previous studies have indicated that ROS could prevent proliferation of T lymphocytes and production of key cytokines and effector molecules thereby orchestrating immune responses (59, 75) . These changes, coupled with the METH-induced direct immunosuppressive effects on dendritic cells and macrophages (48) , suggest that METH has multifaceted effects on different arms of immunity. The finding that oxidative stress may be a forerunner for loss in T cell function due to METH abuse could have far-reaching implications not just for the induction of immune response, but also for other processes (such as generation of antigenic peptides and cell cycle regulation) that are important for immune regulation.
ROS are both produced within T cells and are released into the extracellular space at varying concentrations. At physiological levels, ROS are involved in T cell signaling and maintain homeostasis (76) . At higher levels, ROS are toxic and have detrimental effects on the cells. The results from our current study demonstrate that mitochondria are both a source and a target for ROS. Consistent with our findings, an increase in oxidative stress due to METH or its metabolites has been reported (41, 42, 61, 64, 73) . Moreover, previous studies have suggested a role for the mitochondrial ETC in mediating toxicity of METH (77) . The outer and inner membranes and electron transport chain complexes of the mitochondria play a pivotal role in regulation of energy production. The major source of mROS production is the ubiquinone sites of the respiratory chain enzymes of complexes I (NADH-dehydrogenase) and III (45) . METH exposure of human T lymphocytes resulted in reduced expression of complex I (NADH dehydrogenase) subunit NDUFB8, complex III (ubiquinol cytochrome c oxidoreductase) subunit core protein 2, and complex IV (Cox II). Similar findings of decreased protein expression of mitochondrial respiratory complexes were reported in rat brain (78) and human neuroblastoma cells (64) after METH treatment. ROS production is significantly enhanced if electron transport is altered through these complexes due to subtle changes in the expression of these subunits (79) . It is therefore plausible to conceive that the chronic increase in ROS production in response to METH may be due to modifications in mitochondrial complex proteins (especially complex I and III), which promote inefficient electron flow through the respiratory chain and subsequent ROS generation. Based on these findings, we conclude that acute ROS production in response to METH is due to the rise in cytosolic calcium and saturation of the ETC, which leads to the oxidative modification of proteins and mitochondrial dysfunction. Chronically, METH-induced ROS production leads to a compensatory downregulation of mitochondrial proteins that, while protecting T cells from ROS during acute METH exposure, may affect long-term cellular redox balance and the ability of T cells to respond to pathogens. Similarly, the loss of intracellular ATP levels in T cells treated with METH (Supplemental Fig. 3 ) provides additional support for the hypothesis that METH-mediated ROS production consequently results in mitochondria dysfunction.
Antioxidants are pivotal in maintaining redox balance by either preventing the formation of free radicals, detoxifying them, or by scavenging the reactive species or their precursors. The broad spectrum of biological functions of the antioxidants suggests the existence of multiple molecular targets that mediate diverse responses, best understood in the context of their clinical and biochemical effects on reactive species. ALC, an acetylated derivative of Lcarnitine, exhibits the antioxidant defense through both improved b-oxidation and direct oxygen radical scavenging activity. Phenolic antioxidants, such as RES, act by preventing lipid peroxidation of membrane polyunsaturated fatty acids thus preventing loss of membrane integrity. GHS-px, an enzyme functions as a primary endogenous antioxidant by preventing ROS formation (80) . Importantly, antioxidants with diverse modes of action prevented METHinduced ROS generation, its inhibitory effects on mitochondrial complex I, III, and IVexpression and the decreased IL-2 production by METH-exposed T cell. Our data suggest that mitochondrial oxidative damage is responsible for METH-mediated toxicity and that antioxidant application can protect this organelle and the cell from toxic injury.
In summary, our data suggest that an important target of METHinduced cellular ROS in naive and activated T cells is the mitochondrion, resulting in mitochondrial injury (decreased membrane potential and increased MM). The ensuing METH-induced generation of ROS represents a redox-dependent pathway mediating T cell immune dysfunction.
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Supplemental Figure 1. Cell viability assay.
T cells were exposed to increasing amounts of METH (0-100 μM) for 96 hr and evaluated by flow cytometry using the LIVE/DEAD Fixable Violet Stain Kit (Invitrogen). Analysis was performed using FACS Diva software (BD) and cells staining positive for propidium iodide were defined as dead. Graphical representation of data expressed as mean ± SD of three separate experiments performed in triplicates. 
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